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The possibility of a correlation between sea surface
temperature (SST) and cloud patterns was investigated using
cloud photos from the satellites NIMBUS II (1967) and ESSA
VI (1968). Five types of correlation were found to exists
the correlation between stratus and the California Current
and upwelling areas in a warm air mass,, between clearing
and the California Current and upwelling areas in a cold
air mass, between stratus and the upwelling areas under
favorable conditions, between frontal clouds and warm
tongues of surface water, and between vortices and cold
tongues of surface water. A sixth type of correlation was
found between the surface isobaric pattern and the orienta-
tion of cold and warm tongues of surface water. Finally,
the divergence of the surface isobars was found not to cor-
relate with the stratus pattern. An awareness of the phys-
ical conditions off the coast was vital to seeing and under-
standing these correlations. A model SST analysis, using
the six types of correlation observed, represented the
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The principal objects of this research were to deter-
mine (1) if a correlation exists between the sea surface
temperature (SST) and the cloud patterns off the coast of
North America during the upwelling season, and (2) if up-
welling areas can be delineated through the use of satel-
lite cloud photos.
Since normally only scant synoptic SST observations
are available, a description of the SST patterns is dif-
ficult to obtain in detail, especially on a day-to-day
basis. It does not appear that the availability of synop-
tic SST data will increase significantly in the near future;
therefore it appears desirable to explore relationships
between the SST patterns and more readily available data,
With the advent of the satellite with photographic teleme-
try capability, cloud patterns over the ocean are readily
available to readout stations on a synoptic basis. Thus
any correlation between these cloud patterns and SST
patterns would improve our description of the sea surface
temperature distribution.
In a cold air mass, cloudiness (cumuliform) would be
expected over the warmer areas of the ocean and less cloud-
iness or clearing over the colder areas. In a warm air
mass, cloudiness (stratiform) would be expected over the
colder areas of the ocean with less cloudiness or clearing
15
over the warmer areas. Confirmation of this type of cor-
relation has been suggested in three recent reports. In a
cruise report by the Bureau of Commercial Fisheries (1968)
„
a cloud-free area (in a cold air mass) along the southwest
coast of Africa was observed to appear consistently in
satellite photos. It was suggested that this cloud-free
area was associated with cold water from upwelling or with
the cold Benguela Current. 'Two reports from the Naval
Oceanographic Office (LaViolette and Seim, 1968 and 1969a)
noted that persistent cloud patterns over the ocean can be
associated with the sea surface temperatures and thus with
the oceanographic features of the ocean. Examples presented
in these papers included the Peru Current region, the north
wall region of the Gulf Stream, and upwelling areas off the
coasts of the Somali Republic and India. It was suggested
that a good working knowledge of the physical conditions
in the area concerned is necessary to discern these correla-
tions .
The area off the west coast of North America is an
area of a cold ocean current and relatively strong upwel-
ling; there is an excellent opportunity to study this air-
sea interaction phenomenon through use of locally received
satellite photos of cloudiness cover along with synoptic
SST data reported for that region.
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II. BACKGROUND
To obtain a good working knowledge of the physical
conditions in the area off the west coast of North America
in the upwelling season, a detailed investigation of what
is known about the normal SST distribution and the atmos-
pheric conditions near the sea surface is necessary. The
normal distribution of the SST with geographic location and
with time, along with the criteria required for cloud forma-
tion under certain conditions in certain areas, must be
known in order to determine if correlations do, in fact,
exist.
A. DISTRIBUTION OF SEA SURFACE TEMPERATURE
The spatial distribution of the sea surface tempera-
tures in the California Current and upwelling areas is not
zonal, as it is in the mid-ocean regions. Therefore, a
knowledge of the influencing factors (which include the
flow of the California Current and countercurrent, the ra-
diation and heat exchanges with the atmosphere, and upwel-
ling) is essential to fully understand the distribution of
the SST. The process of mixing combines the effects of
these influencing factors. The distribution of SST with
time can be described in terms of range and variation.
1. The Spatial Distribution of Sea Surface
Temperatures
Sverdrup and Fleming (1941) classified the surface
water off southern California into three types. These are
17
the offshore surface water which has a normal temperature
(typical for that location in the California Current) ; the
upwelling water which has a low temperature; and the
countercurrent water which has a high temperature. This
subdivision of the surface water can be applied to all the
water off the west coast of the United States and Baja
California.
Sverdrup and Fleming found large horizontal differen-
ces in sea surface temperature and a tongue-like distribu-
tion existing down the depths of 25 m. A more recent
technical report from the Oceanographic Office by LaViolette
and Seim (1969b) presents monthly mean sea surface tempera-
tures for the Pacific Ocean based on over six million obser-
vations taken over 105 years. Fig, 1 shows the meap SST
for the eastern North Pacific area and during the months
concerned in this research,
2. Factors Influencing the Distribution of Sea Sur-
face Temperatures
Several factors must be considered in studying the
temperature distribution along the west coast of North
America; of these factors, the most important are the flow
of the California Current, "the flow of the countercurrent,
radiation an,d heat exchanges with the atmosphere, and
upwelling, •
Skogsberg (1936) in his classic study of upwelling in
Monterey Bay divided the year into three seasons for coast-
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occurs during late fall to the middle of winter. This
period is typical of a low vertical gradient of tempera-
ture and sinking of surface water along the coast. Next
is the cold water phase,, the period of coastal upwelling,
which continues to late summer. Finally there is the
oceanic season in which the California Current dominates
the coastal waters. Although radiation and heat exchanges
with the atmosphere predominate in mid-ocean areas, they
play a lesser relative role near the coast, Upwelling
dominates the area within 100 km of the coast while the
California Current dominates the water further offshore.
The effect of the countercurrent during the upwelling sea-
son is minimal, but a discussion is included for complete-
ness.
a. The California Current
The California Current is a wind-driven cur-
rent flowing southeast off the western North American coast
between a cell of high atmospheric pressure to the west
over the ocean and low pressure to the east over land. This
current turns westward between 20N and 30N where it becomes
part of the North Equatorial Current. Except when high
winds persist for several days, the speed of the Current is
less than one-half knot (Pattullo and others, 1958). The
cool subarctic waters of the California Current cause the




The countercurrent flows along the coast at
ocean depths below 200 m from the tip of Baja California
to north of Cape Mendocino (Reid and others, 1958) . In
late fall and early winter it appears at the surface on the
inshore side of the California Current and flows north to
Point Conception; there it is called the Davidson Current.
c. Radiation and Heat Exchanges with the Atmos-
phere
The four principal processes to be considered
in this ocean region are discussed by Tabata (1957) and
James (1966) . First of these is solar radiation, which is
a function of the sun's altitude and cloudiness. The sea-
sonal effects of insolation are counteracted by the high
frequency of fog and stratus in the summer and the relative-
ly clear conditions in the winter (Skogsberg, 1936).
Second of the considered processes is the effective
back radiation. This is a function of temperature of the
sea surface, the temperature of the air, and the moisture
content of the air. Leipper (1947) asserted that radiation
is unimportant in altering the pattern of sea surface tem-
perature since in cloudly regions both incoming and back
radiation are reduced and therefore the net radiation is
not significantly different from that of clear areas.
Third is evaporation and condensation which depend
upon the difference between the vapor pressure at the sea
21
surface and in the air above it; evaporation and condensa-
tion also depend on the velocity of the wind. Since evapo-
ration tends to cool warmer areas of the ocean more than
colder areas (since a larger amount of vapor is required to
saturate the warm air overlying warm ocean areas) and con-
densation tends to warm colder areas of the ocean more than
warmer areas, they both tend to diminish the SST gradient
(Leipper, 1947)
.
Finally there is the conduction of sensible heat
between the ocean surface and the atmosphere. This depends
mainly on the vertical temperature gradient across the air-
sea interface and the stability above the sea surface which
in turn depends on the type of air mass above the sea sur-
face. A cold air mass, which will have instability and thus a
high conductive efficiency, will lower the sea surface
temperature; while a warm air mass, which will have a high
stability and thus a low conductive stability, may slightly
warm the sea surface,
d„ Upwelling
One of the objectives of this research is to
better describe and understand the oceanic processes asso-
ciated with upwelling; as background material, a detailed
consideration of past research is presented.
Upwelling is that process wherein water from subsur-
face layers is drawn to the surface at a continuous or
intermittent rate, where it spreads outward from the ori-
ginating area (Sverdrup and Fleming, 1941) . The process
22
and its mechanism have been investigated considerably along
the west coast of North America, especially by McEwen (1934),
Skogsberg (1936), Sverdrup and Fleming (1941), Yoshida
(1955) and (1958), Yoshida and Mao (1957), Arthur (1965),
and Smith and others (1966)
.
(1) Nearshore Circulation . One of the early
attempts to describe the flow near the California Coast was
by Skogsberg (1936) in his investigation of the hydrography
of Monterey Bay. He attributed upwelling to the combined
effects of the offshore deflection of the wind-driven cur-
rent flowing south, and subsurface motion perpendicular to
and directed toward the coast. This subsurface motion pre-
sumably caused a pressure upward when encountering a deep
southerly-flowing current, such as the California Current.
He concluded that upwelling did not occur against the con-
tinental slope, but instead it occurs against this deep
current.
Sverdrup (1938) presented observations
(Fig. 2) off southern California and adapted them to a
model. He described upwelling as due primarily to the
northerly winds. The area in Fig. 2 marked by plus signs
is an area of swift current and is an offshore boundary.
An inner cell exists between the coast and the offshore
boundary, and this reaches a depth of about 80 m. Another
cell is observed between the outer edge of the offshore
boundary and some diffuse boundary away from the coast.
23
Fig. 2. Nearshore Circulation as Presented
by Sverdrup (1938)
.
(Direction shown by heavy lines
with arrows; horizontal velocities
shown by thin lines in cm/sec.)
ISTANCE IN KILOMETERS
60 SO
Fig. 3. Mean Onshore Flow
(After Smith and others, 1966)
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The inner cell is fed from below by water flow toward the
coast at greater depths as the boundary moves slowly sea-
ward. The maximum depth of the inflow to the inner cell is
200 m. The boundary is not considered a solid surface, but
one which is continuously reforming. The velocity of the
boundary surface is determined to be about 2 cm/sec. Great
shearing motion occurs on both sides of the boundary, and
eddies may be produced.
Smith and others (1966) presented a nearshore
circulation, computed from temperature and salinity data
off the Oregon Coast, similar to that of Sverdrup (Fig. 3)
.
The minimum encountered at 25 m is attributed to the fact
that an initial assumption, whereby there is no cross-iso-
gram transport (mixing) , is not strictly correct.
Hidaka (1954) presented a theoretical model
describing the nearshore circulation resulting from either
a longshore flow or from an offshore flow (see Figs. 4 and
5) . He derives the stream function in Eq. {1\, composed of
components due to the wind stress perpendicular to the coast
(T ) and the wind stress parallel to the coast (T ).
x y
*(*' z)
" Cpl'sinJ *x ( *' z) + (pL
T
sinJ y*' z) '
(1)
If the wind stress perpendicular to the coast is zero
(T =0), then the circulation shown in Fig. 4 results from
25
the remaining wind stress parallel to the coast (longshore
flow) „ The circulation in Fig. 5 results from offshore
flow, i.e., when the wind stress parallel to the coast is
zero (T = 0) . The longshore flow can be shown to produce
more intense upwelling than that due to the offshore flow.
Hidaka further calculates the direction of the wind that
will produce the most intense upwelling. He found this
direction depends on the width of the wind belt; when this
width is greater than the friction distance (D, ) , the angle
approaches 21.5 asymptotically.
While Sverdrup (1938) does not consider his outer cell
as upwelling (see Fig. 2), Yoshida and Mao (1957) consider
this to be upwelling of a large horizontal extent. They
assumed a two-layer ocean wherein they derived the vertical
change in the vertical velocity.
a a , dCurl Tow_^v 1 z_
at ~ f f Bz (2)
Then from dimensional analysis they shew that the horizon-
tal divergence (W, ) balances the stress vorticity in the
surface layer,
W
h " f Curl z T (3 »
and the planetary vorticity in the lower layer





Fig. 4. Streamlines Resulting from Wind
Parallel to the Coast (After Hidaka,
1954)
Fig. 5. Streamlines Resulting from on Off-
shore Wind (After Hidaka, 1954)
28
In these equations, H is the depth of the interface of the
two layers, h is the depth of the mixed layer, and D is
the total depth. From (4) it can be seen that ascending
motion is associated with a subsurface poleward-moving
current while descending motion is associated with a south-
erly subsurface flow. From (3) it can be seen that upwel-
ling of a large horizontal extent is the result of the curl
of the wind stress and will take place when this curl is
greater than zero.
Arthur (1965) obtained a result (5) similar
to that of Yoshida and Mao [see (2)], except that he re-
tained the relative vorticity term,
,j»+f, aw . sL + „ _ A r sic + siv A aftv ^ ' dz Dt v H v ., 2 * 2 J v-2 v 'dx Cy Cz
Yoshida (1955 and 1958) compared coastal up-
welling with upwelling of a large horizontal extent. Coast-
al upwelling is more intense and smaller in scale. Although
the two regions of upwelling often occur simultaneously,
they are separated by a trough of sinking water. Coastal
upwelling is attributed to the wind stress itself rather
than to the curl of the wind stress, and it is not consider-
ed by Yoshida to be purely wind-driven. To obtain an in-
tensity such as that obtained in a narrow coastal zone, the
coastal barrier and the stratification of the water must
be considered.
29
(2) Transport . Most transport values presen-
ted for the west coast of North America are similar in mag-
nitude. Using the Ekman transport equation
"n = '-I <
6 >






Sverdrup and Fleming (1941) computed transports (M-J nor-
4
mal to the coast of southern California as 2.28 x 10 gm/
4(cm-sec ) and 2.62 x 10 gm/cm-sec respectively. Smith
and others (1966) used temperature and salinity data to
4
compute the transport which ranged from 1,56 to 3.80 x 10
gm/ (cm-sec ) off the Oregon Coast.
Smith (1967) showed that Yoshida ' s transport
equation (8) could reduce to the Ekman transport equation
if L, a characteristic width, is taken large enough (e.g.
L = 50 km where coastal upwelling becomes insignificant)
MN (x=-L) = J PN_hdx





He concluded that the Ekman transport gives a valid esti-
mate of the offshore transport in the early (non-equili-
brium) stages of coastal upwelling.
30
(3) Velocity of Upwelling . Upwelling velocity
values reported by different authors are similar; these
_3
are summarized in Table I. A value of 10 cm/sec. appears
to be a representative order of magnitude.
(4) Period of Upwelling . The period of
strongest upwelling differs along different parts of the
coast. For San Diego, McEwen (1934) gives the upwelling
period as April to September with a maximum during June and
July. Skogsberg (1936) for Monterey Bay gives the upwelling
period as the middle of February to the beginning of Septem-
ber. Maximum upwelling occurs before the end of July in
his investigations,, Reid and others (1958) suggested that
upwelling is the strongest when the north and northwest
winds are most marked. This is in April and May off Baja
California, May and June off southern California, June and
July off northern California, and August off Oregon. Wyrtki
(1960) said that upwelling off Baja California occurs all
year long.
A theoretical consideration for large scale
upwelling was given by Yoshida and Mao (1957) . They used
their equation for vertical velocity in the surface layer
[see (3) ] to show that intense upwelling should occur only
in the spring in southern areas, because the curl of the
wind stress has only positive values in this area in the
spring; intense upwelling occurs only during the summer
and fall in the northern areas, where the curl of the wind
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(5) Depth of Upwelling . Skogsberg (1936) in-
dicated that upwelling was limited normally to the upper
300 m; but during years of intense upwelling, the depth
could be greater. Sverdrup and Fleming (1941) have indi-
cated this figure to be about 200 m. Roden and others
(1962), using statistical data off northern California,
concluded that water from depths greater than 100 m does
not ascend frequently to the sea surface in that area.
(6) Width of Upwelling . Sverdrup (1938)
found evidence of coastal upwelling out to 100 km from the
coast. Yoshida and Mao (1957) implied that upwelling of a
large horizontal extent could occur out as far from the
coast as 600 km. Yoshida' s (1955) theory of coastal up-
welling described a narrow strip of upwelling about 50 km
in width close to the coast. The width of the coastal up-
welling is controlled by two parameters. The first is the
axis of the northerly winds; when the axis is closer to
the shore, the upwelling zone width will be narrower and
vice versa . The second parameter is the latitude; the
calculations presented from Yoshida 's model showed that
the upwelling area width decreased with increasing latitude.
(7) Most Intense Areas of Upwelling . Sverdrup
and others (1944) indicated centers of upwelling along the
coast at 24N, 35N, and 41N. Hidaka (1954) suggested that
since his velocity components all included the sine of the
latitude in the denominator, the intensity should increase
33
with decreasing latitude. Reid and others (1958) noted
that upwelling was more intense south of capes and seaward
extensions (Cape Mendocino, Point Conception, and Punta
Eugenia) . Pattullo and others (1960) reported a similar
situation off the coast of Oregon, while Dawson (1951) re-
ported this effect off the coast of Baja California.
Arthur (1965), using his equation, [see (5)], for upwelling
velocity, showed theoretically why this occurs. The plane-
tary vorticity term is always negative on the west coast of
continents (see Fig. 6) , The relative vorticity
^ > 0, £v <
Dt < 0, 0v <
Fig. 6
Flow Across a Seaward Extension iAfcer Arthur, 1965)
is positive north of the point or cape (opposing the plane-
tary vorticity) and thus contributes to a smaller upwelling
velocity; the vorticity term is negative south of the
point or cape, and therefore contributes to a higher up-
welling velocity. Holly (1968) showed that the most
34
persistent areas of coastal upwelling seem to be where the
continental shelf slope is the greatest. These are approx-
imately at 29N, 31N, and 33N.
(8) Summary . During the period from April to
September, coastal upwelling is the principal controlling
factor of sea surface temperature within 100 km of the west
coast of North America; large scale upwelling is an in-
fluential factor in the California Current region further
offshore. When comparing coastal and large scale upwelling,
coastal upwelling is smaller in scale and more intense. The
two types of upwelling frequently occur at the same time
and are separated by a trough of sinking water. The near-
shore circulation resulting from coastal upwelling is de-
termined mainly by the wind stress; but the stratification
of the water, topography, and latitude are influential fac-
tors. The winds may be either longshore or offshore to
produce coastal upwelling. A predominantly longshore flow
with a small offshore component produces the most intense
upwelling. Intensity also increases, as does width, with
decreasing latitude. Large scale upwelling is produced by
the curl of the wind stress. The ascending motion of the
water produced by the curl of the wind stress results in a
subsurface poleward moving current. Also an increase in
intensity south of capes and seaward extensions can be ob-
served and shown theoretically to occur with a current




The mixing processes are discussed by James (1966)
.
Wind mixing is rapid and irregular while convective mixing
is slower and more steady. Convective mixing will always
increase the mixed layer when it occurs, although this is
not true of wind mixing.,
Sverdrup and Fleming (1941) considered mixing as a
process of diffusion. Horizontal mixing was found to be
much more significant than vertical mixing. Skogsberg
(1936) , Yoshida (1955) , and Sverdrup and Fleming suggested
that horizontal mixing is maintained by quasi-horizontal
eddies. The size of these eddies are 10 to 20 km or even
greater and appear to grow in size with increasing upwel-
ling intensity. Increased vorticity in the surface layer




Distribution of Sea Surface Temperatures with Time
a. Range of Sea Surface Temperatures
The maximum surface temperature is found in the
fall and the minimum is found in early spring. Roden (1962),
who analyzed data from 1935 to 1960, found the mean tem-
perature off northern California coast to be lower in sum-
mer than in winter. The minimum observed was 7C. For
southern California, the minimum observed was IOC, and tem-
peratures of less than 13C were found in both summer and
winter. Reid and others (1958) reported a range of 5C in
36
the monthly average temperature with a maximum range of 7C.
He noted that the frequency distributions were not symme-
trical; during the months of minimum temperature, the
mean SST was closer to the minimum than to the maximum.
He concluded that the large temperature departures in the
cold months are the result of intrusions of warm water into
the surrounding cold water rather than conversely. An op-
posite asymmetry was observed in late summer, although it
was not as obvious.
The waters offshore vary in a simple pattern, with an
increasing range of temperature occurring with higher lati-
tude (Reid, 1960) . Near the coast upwelling reduces the
seasonal range of temperature and lenghtens the period for
lower sea surface temperature. The maximum temperature in
the fall is increased because of the (northward-flowing)
countercurrent and the minimum in the spring is delayed
because of it.
b. Variation of Sea Surface Temperature
Reid (1960) discussed anomalies of sea surface
temperatures and suggested they are related to upwelling
variations, atmospheric anomalies, and changes in the
height of the sea surface. The intensity of the upwelling
was noted to vary significantly from year to year by
Skogsberg (1936) . As the atmospheric pressure gradient
weakens along the west coast, the flow of the California
Current and the intensity of upwelling are diminished; thus
the isotherms are displaced less to the south. Stewart
37
(1960) investigated the relation between sea level and tem-
perature anomalies, As upwelling occurs, the level of the
sea near the coastline is at a reduced level, If the up-
welling diminishes in intensity to a significant extent,
the surface waters are no longer pushed away from the coast
and the sea level tends to establish a new equilibrium.
This relation, Stewart noted, becomes poorer toward the
north.
Arthur (1954) , Leipper (1955) , and Stevenson and
Gorsline (1959) investigated unusual temperature variations
for the continental shelf areas not related to upwelling.
These erratic changes occur within a few miles of the coast;
they appear to be due to internal waves of large amplitude.
The intensity of the temperature differences depends on
several factors in the bordering ocean; the most important
factors are characteristics of the tide, the orientation of
the topography, and the stratification of the water.
B. ATMOSPHERIC CONDITIONS NEAR THE SEA SURFACE
An understanding of the atmospheric conditions near the
sea surface may begin with a description of the cloud cover;
this is predominantly stratiform off the west coast of North
America during the upwelling season. In studying the pro-
cesses involved in the formation of fog and stratus, the
vertical structure of the atmosphere should be considered.
During the upwelling season, the nearly permanent inversion
and the stability of the air mass are the most important
38
aspects of the vertical structure. The vertical structure,
and thus formation of fog and stratus, are influenced by
the synoptic situation and the sea surface temperatures.
1. Description of Cloud Cover
An overcast of stratus clouds is prevalent near the
west coast of North America while further seaward, where
the inversion is higher, the cloud layer becomes broken and
the clouds are predominantly cumuliform (Neiburger, 1960)
.
A manual on fog and stratus by the Air Weather Service (1954)
states that the area affected by the fog and stratus ex-
tends from southern Oregon to Baja California, with a max-
imum frequency occurring between Point Reyes (near San
Francisco) and Baja California. The season of highest fre-
quency of fog and stratus is late spring to early fall.
2. The Vertical Structure of the Atmosphere
The typical structure of the atmosphere for the
west coast during the upwelling season is presented in Fig.
7. A temperature inversion separates a marine layer at low
level from warm dry air above (Petterssen, 1938) . The
marine layer has temperature and humidity characteristics
influenced by the sea surface. The warm dry air above is
related to subsidence of the upper level air within the
Pacific anticyclone.
a . The Inversion
The inversion is composed of very stable air,
so there is no turbulence and only molecular diffusion
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Fig. 7
Typical Structure of the Atmos-
phere off the West Coast of the
United States (After Petterssen,
1938)
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by subsidence and thermally by passage of the air mass
over the cold surface waters (Patton, 1956) . The air mass
above and below it exchange properties primarily through
radiation processes (Petterssen, 1938)
.
From June through September the inversion is almost a
permanent feature in the eastern North Pacific ocean.
Neiburger (1960) presented data on the frequency of sound-
ings where the subtropical inversion is not present (Fig. 8)
The zero frequency isopleth (where the inversion always
exists) encloses a substantial area off the North American
coast. Neiburger and others (1961) presented data showing
the average inversion height (Fig. 9) . The inversion
height is about 400 to 600 m along the coast with first a
rapid increase as one proceeds seaward (to approximately
130W) , and then there is a more gradual increase with dis-
tance offshore. These inversion height variations may be
explained by the heating of the air as it moves from col-
der to warmer surface waters, which tends to offset the
sinking motion through the inversion so that the inversion
rises westward (Neiburger and others, 1961) . From day to
day the inversion height changes little over the ocean.
The inversion tends to make itself more permanent
through radiation after formation of the stratus cloud
(Petterssen, 1938) . After the stratus has formed, the
outgoing radiation from the cloud upper surface is that
of a blackbody, while that of the warm dry air above is
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sixty-six percent of the blackbody radiation. Therefore,
the temperature gradient becomes more positive, thus inten-
sifying the inversion.
b. Stability
Fog and stratus along the west coast of North
America is of a convective nature (Petterssen, 1938)
,
(Wood, 1938) , (Leipper, 1948) . Leipper discussed this pro-
cess in presenting his fog model for the Southern California
Coast. After the fog is formed over the cold water, the in-
coming solar radiation is reflected from the top of the
cloud. In addition, enough heat is radiated by the cloud
top to cool the marine layer to a temperature lower than
that of the sea surface. The marine layer, as a result,
undergoes heating from the sea surface below, creating a
superadiabatic convective lapse rate within the marine
layer next to the ocean. Convective mixing then begins,
and this mixing controls the thickness of the fog or stra-
tus layer. Edinger (1963) observed that the top of the
marine layer coincides with the level of maximum stability
rather than with the base of the inversion.
3 - Factors Influencing the Vertical Structure of the
Atmosphere
a. Synoptic Conditions on the West Coast of North
America During the Upwelling Season
Neiburger (1960) indicated that the normal posi-
tion for the eastern Pacific anticyclone is 38N and 150W.
Fig. 10 indicates the mean position of surface isobars
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associated with this feature in July. According to
Neiburger, it usually is not far from its normal location
and intensity, but occasionally large deviations do occur.
Subsidence occurs in the east and south sectors of the
anticyclone. Thus, a favorable condition for fog and stra-
tus formation normally exists over the California Current
and upwelling areas depending on the intensity of the high
and the passage of synoptic weather features (i.e., lows,
fronts, troughs, convergence of the surface isobars) which
have associated horizontal convergence of atmospheric flow
at the surface.
For fog and stratus to move on the coast, the
wind must have an onshore component (Patton, 1956). Off-
shore flow dissipates the fog and stratus near the coast
because it brings to the coastal region a dryer warmer air
mass which lowers the inversion.
b. Importance of Sea Surface Temperatures
The exact importance of sea surface tempera-
tures is debated with respect to the formation and dissipa-
tion of fog and stratus. Some authors emphasize the impor-
tance of sea surface temperatures while others suggest dif-
ferent factors are more important.
Petterssen (1938) asserted that cold water is
not the direct cause of fog and stratus, although it favors
the formation by keeping the air temperature low and rela-
tive humidity high. According to Petterssen, the flux of
heat after the formation of the inversion is upward from
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the cold moist air toward the warm dry air. When the sur-
face or marine layer is sufficiently cooled, the stratus
forms. Wood (1938) assumed that adiabatic cooling through
convection is the immediate cause of the formation of stra-
tus beneath a turbulence inversion.
Among those emphasizing the importance of sea surface
temperature are Leipper (1947) , Pincock and Turner (1955)
,
and Patton (1956) . Leipper investigated the influence of
sea surface temperatures in fog and stratus formation off
southern California. He concluded that the SST gradient in
the direction of the air movement is very important in stra-
tus and fog formation and dissipation. He stated that
areas of coldest surface water should also be areas of
greatest cloudiness since cloudiness increases as air is
cooled. Patton asserted that stratus and fog cannot occur
without cooling of the marine layer by contact with cold
water. Pincock and Turner described the formation of fog
over cold water along the British Columbia coast. With
the onset of northwesterly winds along the coast of Brit-
ish Columbia, upwelling occurs and a SST gradient is estab-
lished. This then leads to the rapid formation of a strip
of advection fog over the colder waters near the coast.
This takes place when the Pacific high is ridging into the
Gulf of Alaska. On the western side of the ridge, warm
marine air from south of 40N is brought over colder water
at about 53N; this results in the formation of another
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area of fog and stratus, well offshore. These two cloud
masses tend to merge since, as shown from calculations by
Pincock and Turner, the surface water that separates the
two stratus areas are not warm enough to dissipate the
clouds.
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III. DATA AND PROCEDURE
A comparison was made of SST analyses and nephanaly-
ses for the years 1967 and 1968. Nephanalyses were used
because in this manner, to facilitate comparison, the
cloud patterns could be transferred to a scale equal to
that of the SST analyses. The distribution of the data is
presented in Table II.
Two types of SST analysis were made. Daily analyses
were made for each nephanalysis for the area outlined in
Fig. 11. Data for these analyses were obtained from the
National Weather Records Center, Asheville, North Caro-
lina. Unfortunately, data from the National Weather Re-
cords Center were not obtained for the remainder of the
area shown in Fig. 11. Therefore, composite analyses of
varying time lengths were made using sea surface tempera-
tures copied from ship reports on U.S. Weather Bureau sur-
face weather charts. The composite analyses are included
with certain available daily analyses. The daily analysis
is selected for that time period nearest to the middle day
of the period covered by the composite analysis. To sup-
port the assumption that the SST patterns did not change
significantly over the composite time period, an attempt
was made (by inspection) to cover a relatively constant
synoptic situation with each composite chart.
Nephanalyses were made in accordance with instructions
by Bittner (1967) . The photos of 1968 (mostly from the
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satellite ESSA VI) were of a significantly better quality
than those of 1967 (mostly from the satellite NIMBUS II).
Examples of the photos from the satellite ESSA VI are pre-
sented in Figs. 17, 28, and 31. Pictures were not received
at the Naval Postgraduate School on weekends and holidays.
Also only one pass of the satellite was received; and that
pass, at times, did not cover much of the area of interest.
The isobaric pattern of the 1200 Zulu U.S. Weather
Bureau surface weather chart was superimposed on the nepha-
nalysis. This was done to supplement the nephanalysis in
describing the atmospheric conditions near the sea surface.
Since analysis of the satellite photos is much less
subjective than SST analysis, the temperature analyses were
made first to eliminate any tendency to bias the isothermal
pattern in favor of the cloud patterns.
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IV. RESULTS
Five types of correlations between the sea surface
temperatures and cloud patterns and one type of correlation
between the sea surface temperatures and the isobaric pat-
tern were observed. One type of non-correlation (between
the sea surface temperatures and the divergence of the sur-
face isobars) was also observed. These are described in
the following paragraphs.
A. STRATUS OVER THE CALIFORNIA CURRENT
An inexact correlation between stratus and cold water
underlying the warm air mass (the air mass is warmer than
the water) over the California Current could be seen.
Fig. 12 is a schematic diagram of a typical stratus cloud
pattern with its correlating isobaric and SST patterns.
The width of the stratus band increased with decreasing
latitude. The tip of the stratus body normally occurred
south of the sharp bend in the isobars, as depicted in the
diagram, and it was located most frequently between lati-
tudes 35N knd 41N. A cold tongue of water existed under the
stratus while a warm tongue of water formed the seaward
boundary of the stratus or was aligned with a significant
decrease in the intensity of the stratus. At times a warm
spot occurred near the coast at about 33. 5N, and a decrease
in intensity or clearing of the clouds could be related to
this. There were 38 examples illustrating this model; Figs.








Figs. 32 and 35 include a decrease in cloudiness which cor-
relates with the warm spot near 33. 5N. Fig. 36 shows the
typical pattern on the upper part of the coast while Fig.
24 shows the pattern off Baja California. Fig. 34 shows
the pattern covering the entire coast. Other examples can
be seen in Figs. 21, 29, 30, and 33.
The rate of warming of SST in degrees per month for
the period between April and August was computed for 1967,
1968, and for mean sea surface temperature data (data for
the mean from LaViolette and Seim, 1969b) . These are pre-
sented in Figs. 13, 14, and 15. Comparing the three, they
appear to be similar in pattern. A frequency of occur-
rence of stratus was superimposed on Figs. 13 and 14 for
the respective years; again a correlation can be noted.
It appears that the SST pattern is very important in de-
termining the spatial coverage of the stratus.
B. STRATUS AND UPWELLING AREAS
Only under specific conditions would clouds be observ-
ed that could be attributed to upwelling. They were masked
by the stratus of the California Current many times, or
were prevented from appearing due to a passing front or low,
or because of offshore flow (offshore flow brings into the
area a dry air mass which is not favorable to stratus for-
mation) . The cloud body generally appeared with a sharp
eastern edge outlining the coast, and it extended seaward


















sometimes took the form of a long neck along the shore
northward from the body of the stratus over the California
Current. Thirty examples were found to illustrate cloud
forms from upwelling. Figs. 32 and 33 au typical examples
of stratus occurring close to the coast over the upwelling
area. In both cases the main body of the stratus over the
California Current has a long neck-like extension north
along the coast with a varying width of up to 100 miles.
The width of the cloud band can be observed to increase
going south. It also can be noted that with longshore
flow, cold tongues of water are associated with Cape Mendo-
cino and Point Conception. These last two observations are
in agreement with theoretical models by Yoshida (1955) and
Arthur (1965) respectively. Other examples of stratus oc-
curring over upwelling water are found in Figs. 27, 29, 34,
and 37.
The periods of maximum occurrence for particular areas
along the coast (e.g., off Oregon, northern California, etc.
and the most intense areas during any particular period or
season were difficult, if not impossible, to observe from
the cloud patterns; this was due to a variety of atmos-
pheric conditions existing along the coast which disrupted
the continuity of the cloud pattern. No attempt was made
to relate the intensity of the cloud cover to the intensity
of the upwelling (thus possibly the transport and velocity
of upwelling) because the cloud photos were not of suffi-
cient quality to observe intensity variations except on a
gross basis.
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C. CLEARING OVER THE CALIFORNIA CURRENT AND UPWELLING
AREAS
After the passage of a cold front, the situation was
set up where a cold air mass existed over the California
Current and upwelling areas. In this situation, a clear
area was observed over the colder waters of the California
Current and upwelling areas, while cumuliform type clouds
were normally present over warmer water to the west. There
were a great number of examples illustrating this process
in the northern portion of the area of interest. Six ex-
amples in 1968 illustrated the process extending complete-
ly along the coast. Fig. 21 shows a cold front passing
through the area bringing in the cold air mass. Fig. 22
(also Fig. 23 for a later date) shows cloud free areas
over the California Current and upwelling waters.
D. SURFACE ISOBARIC PATTERN WITH SEA SURFACE TEMPERATURE
PATTERN
Tongues of cold and warm water were observed to line
up well with the isobaric pattern. This could be the re-
sult of wind driven surface currents. The currents are
about 20 to the right of the wind, which in turn, is about
20° to the left of the surface isobars (James, 1966) . The
tongues probably extend along the axis of maximum velocity.
Good correlation was seen in almost every analysis examined.
Figs. 22 and 32 have the orientation of the tongues
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superimposed on the nephanalysis for easy correlation. When
discrepancies from correlation occur, they can be explained
usually through the history of the flow. The large cold
tongue built up by the offshore flow on April 3, 1968 (Fig.
18b) , located near 36N and 125W, is pushed south and nar-
rowed by the northerly flow on the 4th (Fig. 19) ; it is
aligned with the northerly flow by the 5th (Fig. 20) . At
least a two-day time period appears to be needed to realign
the SST pattern orientation after a change in flow.
E. FRONTAL CLOUDS WITH SEA SURFACE TEMPERATURE
Frontal clouds were observed normally to be associated
with (aligned with) warm tongues in the SST patterns.
Twenty-four examples illustrating this correlation were ob-
served. Figs. 17 and 37 show frontal clouds approaching
southern California. Each of these nephanalysis has a cor-
responding daily SST analysis. In each case the frontal
clouds extend along the tongue of warm water. Fig. 31
shows a similar situation, but with a break in the frontal
clouds apparently correlated with the narrow neck in the
warm tongue. Figs. 23, 25, 27, 28, and 29 are examples
also illustrating this correlation. Most of these are in
the area of composite SST analysis.
One factor that could contribute to this correlation
is that the cold frontal clouds are more intense over warm-
er water. Warmer water results in the marine layer having
a warmer temperature, thus a greater temperature contrast
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occurs vertically across the frontal surface; cold water
results in just the opposite situation,
A second factor is the flow. Fig, 16b illustrates the
flow around the cold frontal clouds. The flow behind the
front brings colder water from the north, while that ahead
of the front brings warmer water from the southwest against
the cold water of the California Current and upwelling area,
This will tend to bend the isotherms ahead and behind the
frontal clouds southward in an orientation similar to that
of the front. Another process, which tends to reinforce
the above, is the transfer of heat from the water to the
air behind the frontal clouds in the cold air mass and the
possible slight transfer of heat from the air to the water
ahead of the frontal clouds in the warm air mass.
Cold frontal situations (as described by the cloud
patterns) appeared to drag the main warm tongue of surface
water off the northern coast of the United States eastward
against the colder California Current and upwelling waters.
The process is described schematically in Fig. 16. Fig.
16a shows the frontal clouds entering the area. Fig. 16b
shows the flow pushing the warm tongue of water up against
the cold California Current and upwelling waters as describ-
ed in the preceding paragraph. Then the frontal clouds
weaken or dissipate over the cold waters as shown in 16c.
Only composite analyses were available to examine this
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clouds approached the northwest coast of the United States.
It was associated already with the major warm tongue of
surface water. By April 4 the frontal clouds were over the
coast and had decreased in intensity (Fig. 19) . Comparing
the SST composite analysis of the 3rd of April (Fig. 18b)
with that of the next time period (Fig. 20), it can be seen
that the warm tongue has moved east from its previous posi-
tion. Another example of this can be seen in Figs. 25 and
26. In Figs. 28, 29, and 30 frontal clouds approaching the
northwest coast are observed to dissipate over the cold
waters. Again, as in the previous two cases, the warm
tongue is moved east from its former position (comparing
Figs. 28c and 30b)
.
F. VORTICES AND SEA SURFACE TEMPERATURES
Vortices, as defined by Bittner (1967) , are cloud
patterns with one major cloud band spiralling into a center,
indicating a definite center of circulation (at least one
closed contour for at least one level in a conventional
atmospheric analysis) „ Vortices were observed to occur
over cold tongues of water. This could be caused by up-
welling resulting from the cyclonic flow around the vortex.
Mass transport of water is to the right of the surface
wind; therefore there is a mass transport away from the
vortex. This will cause cooler waters from below to ascend
to the surface to replace the outflow of water from the
vortex. Fig. 17 illustrates a vortex over a cold tongue on a
daily SST analysis; Fig. 24 illustrates one on a composite SST
analysis.
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G. STRATUS AND DIVERGENCE
The relative amount of isobar divergence was computed
by taking the ratio of the isobar spread at one latitude
to the spread at the latitude five degrees south of the
reference latitude. Then a cloud divergence was computed
by dividing the difference of the cloud widths at the two
latitudes by the width at the southern latitude. The di-
vergence factor for the isobars for 22 cases examined was
found to range from 1.15 to 2.94. The isobar divergence
was then plotted against the change in cloud width and
cloud divergence, and a random scatter (no relationship)
was obtained. Although divergence is necessary for stra-
tus formation, it appears that it is not a controlling fac-
tor in the horizontal spatial dimension of the stratus.
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Combining the six types of correlation discussed above,
an SST analysis model for the California Current and up-
welling areas may be formed. The necessary tools to make
an analysis are:
1. a satellite photo or nephanalysis for the day con-
cerned,
2. a surface weather chart for the day concerned (to
obtain the isobaric patterns and any SST data available
from ship reports)
,
3. a previous SST analysis or climatological analysis
(e.g., the monthly mean SST analyses presented by LaViolette
and Seim (1969) in Fig, 1)
.
Five attempts were made at construction of the SST a-
nalyses; in two cases the clima tological SST analyses of
Fig. 1 were employed, in three ethers previous SST analyses
were used. Fig. 38 and 39 show the results of two attempts
using previous SST analyses. In constructing Fig. 38, the
SST analysis in Fig. 23b and the nephanalysis for June 17,
1968 (Fig. 25a) were utilized. In constructing Fig. 39,
the daily SST analysis from August 16, 1968 and the com-
posite analysis covering the period from the 16th to the
19th of August 1968 were used along with the nephanalysis
from August 20, 1968. Each case includes four synoptic
SST's obtained from ship reports. The heavy lines in the
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figures are those for the analysis constructed by the model
7
the dashed lines are those for the actual verifying SST
analysis, prepared from extensive SST data coverage. In
general most of the verifying SST features were obtained
in the constructed SST pattern. Positioning of the tongues
was more difficult in large areas of cloud cover and large
cloud-free areas. The orientation, however, was good on
all of the constructed SST analyses.
A method of evaluating a model SST analysis is to com-
pare it and the historical analysis (used to construct the
model analysis) with the actual analysis, to see which best
represents the actual analysis. This was done by first
obtaining the average temperature difference between the
actual SST analysis and the model SST analysis at a number
of points; then this average was compared with the average
temperature difference between the actual SST analysis and
the historical SST analysis at these same points. The
points were at every 2° longitude between 135W and the coast
of North America and at every 3° latitude between 29N and
50N. The data for five attempts are presented in Table III.
The number of points used in the average differs for each
attempt because only areas where an analysis existed were
included. The method of evaluation is crude because of the
space between the points where the temperature averages were
taken. Attempts one and two used mean SST analyses present-
ed in Fig. 1. Attempts three and five are Figs. 38 and 39
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-J | Model SST Analysis
Actual SST Analysis
for June 17, 1968
with Composite from
15 to 18 June 1968
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iH Fig. 39
JM Model SST Analysis
Actual SST Analysis
for August 29, 1968
with the Composite
from 16 to 20
August 1968
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respectively; they show the greatest expertise for the
model. It was felt, and that can be seen by examining
Table III/ that experience improves one's ability to use
the model.
Table III
Comparison of Constructed Analysis by the Model and Histor-



















Five types of correlation were found between the SST
patterns and the cloud patterns. First is the correlation
between the stratus and the California Current and upwelling
areas. The stratus existed over a large cold tongue of
water while a warm tongue of water formed the seaward bound-
ary of the stratus. A warm spot (in the SST) existed near
33. 5N, and this spot often had an associated decrease or
clearing of the stratus clouds. The second correlation ex-
isted between a cloud-free area and the California Current
and upwelling areas in a cold air mass. The cold air mass
was normally brought into the area by passage of a cold
front. Third is the correlation between stratus and upwel-
ling areas. Although stratus occurring from upwelled water
could be delineated at times, it often was masked by the
stratus of the California Current or was prevented from
occurring by atmospheric conditions. A variety of atmos-
pheric conditions existing along different portions of the
coast at the same time made it difficult to make a thorough
study of many of the aspects of upwelling through the use
of cloud photos. The fourth correlation is the association
of frontal clouds with warm tongues of sea surface water.
The fifth correlation is the occurrence of vortices over
cold tongues of water.
Besides these five correlations, warm and cold tongues
were observed to line up with the isobaric pattern. At
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least a two-day time period appears to be needed to realign
the SST pattern after a change in surface flow. Finally,
the divergence of the surface isobars was found not to cor-
relate with the stratus pattern.
An analysis model was formed using the correlations
obtained. Although most of the features of the verifying
SST patterns were obtained using the model, positioning of
isotherms under completely clear or completely cloud-cover-
ed areas was found to be difficult. The skill in using the
model increased with experience.
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VII RECOMMENDATIONS
The remaining months of the year, October through
February, need to be investigated to see if these correla-
tions apply all year. If they do, then the correlations
could be incorporated into synoptic forecasting schemes for
sea surface temperatures.
With the SST data obtained by the author, a study of
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The possibility of a correlation between sea surface temperature
(SST) and cloud patterns was investigated using cloud photos from the
satellites NIMBUS II (1967) and ESSA VI (1968). Five types of correla-
tion were found to exist; the correlation between stratus and the
California current and upwelling areas in a warm air mass, between
clearing and the California Current and upwelling areas in a cold air
mass, between stratus and the upwelling areas under favorable condi-
tions, between frontal clouds and warm tongues of surface water, and
between vortices and cold tongues of surface water. A sixth type of
correlation was found between the surface isobaric pattern and the
orientation of cold and warm tongues of surface water. Finally, the
divergence of the surface isobars was found not to correlate with the
stratus pattern. An awareness of the physical conditions off the coast
was vital to seeing and understanding these correlations. A model SST
analysis, using the six types of correlation observed, represented the
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